In response to stress, heat shock factor 1 (HSF1) acquires rapid DNA binding and transient transcriptional activity while undergoing conformational transition from an inert non-DNA-binding monomer to active functional trimers. Attenuation of the inducible transcriptional response occurs during heat shock or upon recovery at non-stress conditions and involves dissociation of the HSF1 trimer and loss of activity. We have used the hydrophobic repeats of the HSF1 trimerization domain in the yeast two-hybrid protein interaction assay to identify heat shock factor binding protein 1 (HSBP1), a novel, conserved, 76-amino-acid protein that contains two extended arrays of hydrophobic repeats that interact with the HSF1 heptad repeats. HSBP1 is nuclear-localized and interacts in vivo with the active trimeric state of HSF1 that appears during heat shock. During attenuation of HSF1 to the inert monomer, HSBP1 associates with Hsp70. HSBP1 negatively affects HSF1 DNA-binding activity, and overexpression of HSBP1 in mammalian cells represses the transactivation activity of HSF1. To establish a biological role for HSBP1, the homologous Caenorhabditis elegans protein was overexpressed in body wall muscle cells and was shown to block activation of the heat shock response from a heat shock promoter-reporter construct. Alteration in the level of HSBP1 expression in C. elegans has severe effects on survival of the animals after thermal and chemical stress, consistent with a role for HSBP1 as a negative regulator of the heat shock response.
Cells respond to stress by induction of a highly regulated family of proteins referred to as heat shock proteins. This family of proteins is essential for the cell to cope with the deleterious effects of stress on the synthesis, folding, and translocation of nascent polypeptides and to prevent the aggregation of misfolded proteins (Lindquist and Craig 1988; Gething and Sambrook 1992; Hartl 1996) . The elevated expression of genes encoding heat shock proteins in response to environmental and physiological stress is mediated by heat shock factor (HSF), an inducible transcriptional activator that is ubiquitously expressed in all organisms from yeast to humans and is essential for the inducible transcriptional response (Lis and Wu 1993; Morimoto 1993; Morimoto et al. 1994; Wu et al. 1994; Wu 1995) .
HSF is an essential gene in yeast that encodes a constitutively trimeric protein (that is constitutively bound to DNA) prior to heat shock and responds to heat shock by enhanced DNA binding, inducible phosphorylation, and acquiring transcriptional activity (Jakobsen and Pelham 1988; Sorger and Pelham 1988; Wiederrecht et al. 1988; Sorger and Nelson 1989; Giardina and Lis 1995) . In contrast, Drosophila and other metazoans have additional regulatory steps such that HSF under nonstressed conditions is maintained as an inactive monomer that is converted upon heat shock to the active DNA-binding and inducibly phosphorylated trimer (Larson et al. 1988; Clos et al. 1990; Westwood and Wu 1993; Baler et al. 1993; Sarge et al. 1993; Cotto et al. 1996) . Multiple HSF genes have been cloned in vertebrates, of which HSF1 is the predominant stress responsive transcriptional activator, although HSF3 also has an essential role in the inducible stress response (Rabindran et al. 1991; Sarge et al. 1991; Schuetz et al. 1991; Nakai and Morimoto 1993; Nakai et al. 1997; Tanabe et al. 1998) . The isolation and characterization of four vertebrate HSF genes has revealed important distinctions in their regulation in response to diverse environmental and physiological signals.
Among the key features of the structure of HSFs are a trimerization motif that includes two hydrophobic repeats, HR-A/B, positioned immediately adjacent to the DNA-binding domain (Sorger and Nelson 1989; Rabindran et al. 1991) . In yeast, the hydrophobic repeats form a triple-stranded, coiled-coil structure (Sorger and Nelson 1989; Peteranderl and Nelson 1992) . The HSFs of metazoans contain an addtional hydrophobic repeat, HR-C, located near the extreme carboxyl terminus of HSF, adjacent to the transcriptional transactivation domain. Mutation or deletion of HR-C results in constitutive trimerization and DNA-binding activity (Nakai and Mori-moto 1993; Rabindran et al. 1993; Zuo et al. 1994) . Interactions between HR-A/B and HR-C have been implicated in maintenance of the monomeric state of HSF1, although the mechanism of intramolecular negative regulation of DNA binding appears more complex and remains unresolved. Regions distinct from the hydrophobic repeats are also involved in the negative regulation of the DNA-binding activity of Drosophila HSF (Orosz et al. 1996; Zandi et al. 1997) . Located at the extreme carboxy terminus of HSF1 is the heat shock responsive transactivation domain (Green et al. 1995; Shi et al. 1995; Newton et al. 1996) . The repression of the activation domain at normal temperatures is regulated by phosphorylation at residues in the region between the hydrophobic repeats A/B and C Kline and Morimoto 1997) . Upon activation, HSF1 undergoes stress-inducible serine phosphorylation; trimer formation is not dependent on phosphorylation, as both recombinant HSF1 and HSF1 in salicylate treated cells, which are both trimeric and DNA-binding-competent, lack inducible phosphorylation at serine residues (Rabindran et al. 1991; Jurivich et al. 1992; Sarge et al. 1993; Cotto et al. 1996 ).
An important feature of HSF1 activation is the transient nature of the transcriptional response, a consequence of both the intensity and the duration of exposure to the stress. During continuous heat shock or upon recovery following heat shock, HSF1 rapidly attenuates as characterized by decreased transcriptional activity, conversion of the trimer to the monomer state, loss of DNA binding, and dephosphorylation (Abravaya et al. 1991 (Abravaya et al. , 1992 Sarge et al. 1993) . How these events are regulated is poorly understood; however, there is both genetic and biochemical evidence to support a mechanism involving feedback control via the expression and accumulation of heat shock proteins. During attenuation, HSF1 trimers are associated with Hsp70 (Abravaya et al. 1992) . Additional support for heat shock protein-mediated autoregulation is provided by observations that HSF1 attenuates more rapidly in mammalian cells overexpressing Hsp70 and that Hsp70 binds to and represses the HSF1 transactivation domain (Mosser et al. 1993; Rabindran et al. 1994; Shi et al. 1998) . Other proteins may also be involved either in activation or attenuation of HSF1 based on evidence that recombinant HSF1 is active as a DNA-binding trimer rather than the inert monomer and that HSF1 overexpressed in mammalian cells is constitutively active (Rabindran et al. 1991; Sarge et al. 1993) .
In this study we describe the properties of a novel nuclear localized hydrophobic repeat-containing protein, heat shock factor binding protein 1 (HSBP1), which interacts with HSF1 trimers and negatively regulates HSF1 activity.
Results

HSBP1 interacts with the trimerization motif of HSF1
The yeast two-hybrid protein interaction screen was used to identify proteins that interact with the trimerization domain (HR-A/B) of HSF1. At least five independent isolates of HSBP1 were obtained in a screen using a Madin-Darby canine kidney (MDCK) cDNA library. The full-length canine HSBP1 cDNA was used to isolate human HSBP1 by a nucleic acid hybridization screen of a human cDNA library (Fig. 1A) . Analysis of the deduced human HSBP1 sequence revealed a novel 76-amino-acidresidue protein of acidic character containing two potential hydrophobic repeats (Fig. 1A,C) . The human and canine HSBP1 sequences are nearly identical and differ at only two amino acid positions (Fig. 1B) . A search of nucleic acid and protein databases identified a predicted 98-amino-acid protein of unknown function from Caenorhabditis elegans, which shares 54% sequence identity with human HSBP1 (Fig. 1B) (Wilson et al. 1994) . A search of the yeast genome database did not reveal a HSBP1 homolog.
The interaction between HSF1 and HSBP1 was analyzed in yeast using the LexA DNA-binding domain alone, chimeras with the HSF1 trimerization domain (LexA-HSF1HRA/B), and with point mutations or deletion mutants of the HSF1 hydrophobic repeats (Fig. 2) . HSBP1 neither interacts with LexA, nor with HSF1 fusions containing deletions or substitutions of the hydrophobic amino acids, thus revealing that an intact trimerization domain of HSF1 is essential for interaction with HSBP1.
Analysis of the amino acid sequence of HSBP1 revealed the presence of two extended arrays of hydrophobic repeats; therefore, we examined whether interactions between HSBP1 and HSF1 were mediated through these motifs. Double point mutations at the a and d positions of both hydrophobic repeats (mutants 16/19 and 45/48) in HSBP1 were created and reintroduced into the yeast two-hybrid assay (Fig. 2) . Mutation of the hydrophobic residues to lysines in either mutant 16/19 or 45/48 resulted in the loss of interaction between HSBP1 and HSF1. A mutant containing lysines at all four hydrophobic residues (Tetra mutant) also did not interact with the HSF1 hydrophobic repeats. These results establish the importance of the hydrophobic repeats as the basis for interactions between HSBP1 and HSF1.
HSBP1 is a nuclear-localized protein that interacts in vivo with HSF1
Evidence that HSBP1 and HSF1 interact in vivo was obtained by cotransfection of HeLa cells with HSF1 and hemagglutinin (HA) epitope-tagged HSBP1. HSF1 is a constitutive DNA-binding competent trimer when overexpressed by transient transfection (Sarge et al. 1993) . Extracts of cells transfected with HSBP1 and wild-type HSF1 or with a mutant form of HSF1 containing a deletion of HR A were used to perform immunoprecipitations with anti-HA epitope antiserum and analyzed by SDS-PAGE. Only the wild-type, and not the mutant, HSF1 coprecipitates with the epitope-tagged HSBP1 (Fig.  3A) in agreement with the specificity of interactions observed in the yeast-based protein association assay.
The subcellular localization of HSBP1 was established by transient overexpression of HA-tagged HSBP1 in HeLa cells. Immunofluoresence staining using anti-HA antibodies revealed that HSBP1 is predominantly nuclear localized (Fig. 3B) . The use of an epitope-tagged form of HSBP1 was essential, as our polyclonal antisera against HSBP1 recognizes only the native endogenous protein. The subcellular localization of HSBP1 is unaffected by heat shock (data not shown). Northern blot analysis revealed that the levels of HSBP1 mRNA are abundant in all of the cell lines (HeLa, Cos7, 3T3, and MDCK) and animal tissues (heart, liver, testis, ovary, brain, pancreas, kidney, placenta, and pituitary) tested and unaffected in the cell lines by heat shock (data not shown).
HSBP1 interacts with HSF1 trimers and Hsp70
HSF1 exists in at least two distinct states, an inert monomer in control cells and an active trimer induced upon heat shock. To identify the point during the heat shock response that HSBP1 is associated with HSF1, 3T3 cells were exposed to different regimens of continuous or transient heat shock, at either 42°C or 43°C, followed by recovery at control conditions. HSF1 DNA binding is activated transiently upon exposure to 42°C or in a sustained manner at 43°C; under these conditions, HSF1 exhibits the characteristic mobility shift on SDS-PAGE resulting from stress-induced phosphorylation (Figs. 4 and 5) (Abravaya et al. 1992; Sarge et al. 1993; Cotto et al. 1996) . Sustained exposure of mammalian cells to 42°C leads to transient activation of HSF1 such that DNA binding is detected within 15 min of heat shock and persists for a period of 2 hr, after which DNA binding is no longer detected (Fig. 4A) . Western blot analysis performed on whole cell lysates with anti-HSF1 antibodies revealed that HSF1 rapidly converts to the inducibly phosphorylated state that persists for 2 hr (Fig. 4B) . Beyond 2 hr, HSF1 reverts back to the constitutively phosphorylated state simultaneous with the loss of DNA-binding activity. The whole cell extracts were also used for immunoprecipitation analysis using anti-HSBP1 antiserum to assess interactions of HSBP1 with HSF1 and Hsp70 (Fig.  4C) . The HSBP1 immunoprecipitates were subjected to SDS-PAGE and immunoblot analysis with anti-HSF1 antibodies. Only the inducibly phosphorylated DNA-binding trimeric form of HSF1 is associated with HSBP1. Complexes of HSF1/HSBP1 are detected within 15 min of heat shock and extend for a period of 2 hr. HSBP1 is neither associated with the control non-DNA-binding form of HSF1 nor with the form that reappears during attenuation (2-3 hr) of the heat shock response. Preimmune antiserum and a nonspecific antibody (anti-HA epitope) did not precipitate HSF1 from the cell lysates ( Fig. 3A; data not shown). To further substantiate these observations, experiments using a regimen of transient (1 hr) heat shock at 42°C followed by immediate recovery at 37°C were performed (Fig. 4D) . These conditions are known to result in a more rapid recovery from the induced state as measured by attenuation of HSF1 DNAbinding activity (Fig. 4D) . Even under these conditions, HSBP1 is only associated with the trimeric DNA-binding and inducibly-phosphorylated state of HSF1 and not with either the control form (prior to heat shock) or the recovery form of HSF1 (Fig. 4E,F) .
Previous studies have shown that the DNA-binding form of HSF1 is associated with Hsp70 (Abravaya et al. 1992; Baler et al. 1992; Rabindran et al. 1994; Shi et al. 1998) . Therefore, we examined whether HSBP1 is also associated with Hsp70 by performing immunoblot analysis with an anti-Hsp70 antibody. During a continuous 42°C heat shock, HSBP1 associates with Hsp70 only during the attenuation phase of the heat shock response (Fig. 4C ). This corresponds precisely to the period, extending through 4 hr of heat shock, when the levels of Hsp70 increase (Fig. 4B ). These observations reveal that HSBP1 and Hsp70 interact at a later point in the heat shock response relative to the appearance of HSBP1/ HSF1 complexes. Interaction between HSBP1/Hsp70 coincides temporally with the loss of HSF1 DNA-binding activity and conversion of the trimer to monomer state. Similar results were also obtained in the experimental protocol using rapid heat shock and recovery in which 
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Hsp70 association with HSBP1 was detected after 1 hr of recovery at a point when the levels of Hsp70 increase (Fig. 4E,F) . The association of Hsp70 with HSBP1 is transient and was not detected after 4 hr of recovery (Fig. 4F ).
These observations reveal that HSBP1 interacts with both HSF1 and Hsp70. To characterize further the nature of these interactions, we used a heat shock regimen of continuous or transient exposure to 43°C and subsequent recovery at 37°C. An important distinction of a continuous 43°C heat shock is that the heat shock response does not attenuate at this temperature (Abravaya et al. 1991) . Consequently, HSF1 DNA-binding activity persists during exposure to 43°C and HSF1 remains in the inducibly phosphorylated state (Fig. 5A,B ). In contrast to the transient association observed for HSF1 and HSBP1 at 42°C, the interaction between HSBP1 and HSF1 persists at 43°C heat shock conditions ( Fig. 5C ). At 43°C, interactions between Hsp70 and HSBP1 are not detected and there is no increase in the level of Hsp70 presumably due to a general block in protein synthesis that occurs at this temperature (Welch and Suhan 1986) . However, if the cells are transiently treated at 43°C and allowed to recover at 37°C, HSBP1 interacts transiently with HSF1 and at a later time during recovery complexes between HSBP1 and Hsp70 are detected (Fig. 5E ,F). Although these experiments suggest a sequential link between the activation of HSF1 to the inducibly phosphorylated trimeric state, association with HSBP1 and the association between HSBP1 and Hsp70 during attenuation or recovery from heat shock, they do not address whether it is the same population of HSBP1 that is sequentially associated with HSF1 and Hsp70.
Coexpression of HSBP1 and HSF1 in reticulocyte lysates negatively influences HSF1 DNA-binding activity
The effect of HSBP1 on HSF1 DNA-binding activity was examined by the use of an assay in which in vitro-translated HSF1 can be activated from the inert to the trim- . HSBP1 interacts specifically with HSF1 trimers and leads to the recruitment of Hsp70. 3T3 cells were exposed to 42°C for the indicated times ranging from 15 min to 4 hr (A-C) or treated at 42°C for 1 hr followed by recovery at 37°C for 4 hr (D-F). The cell extracts were used for gel mobility shift analysis (A,D), immunoblot analysis, and immunoprecipitations with anti-HSBP1 antibodies. The cell extracts (B,E) and immunoprecipitates (C,F) were separated on an 8% SDS-polyacrylamide gel and then used for immunoblotting analysis with anti-HSF1 and antiHsp70 antibodies. eric DNA-binding form upon incubation at 43°C (Sarge et al. 1991) . In vitro-transcribed HSF1 RNA was cotranslated with increasing amounts of HSBP1 RNA and the lysates were incubated at 43°C and analyzed for HSF1 DNA-binding activity by gel mobility shift assay (Fig.  6A ). To ensure that HSF1 was expressed to similar levels and its synthesis was unaffected by coexpression of HSBP1, the vitro translation reaction was supplemented with [ 35 S]methionine and analyzed by SDS-PAGE (Fig.  6B) . In vitro-translated HSF1 exhibited DNA binding following heat shock, and coexpression of HSBP1 interfered with the level of heat-induced HSF1 DNA-binding activity attained (Fig. 6A) . The reduction in HSF1 DNA-binding activity in the presence of increasing amounts of HSBP1 could suggest that HSBP1, perhaps together with other components in the reticulocyte lysate, either interferes with the formation of the stable DNA-binding state or mediates the conversion of the trimeric form of HSF1 to its monomeric state.
Overexpression of HSBP1 represses HSF1 transactivation
If the effects of HSBP1 on in vitro activation of HSF1 are relevant to the regulation of HSF1 activity, then overexpression of HSBP1, in vivo, would be predicted to have negative effects on HSF1 activity. The effect of HSBP1 on the activity of mammalian HSF1 was assessed by transfection of HSBP1 together with a plasmid containing the human Hsp70 promoter fused to the CAT reporter gene (pHB-CAT) into COS7 cells. Heat shock treatment of cells transfected with the pHB-CAT reporter alone resulted in a 14.1 ± 0.4-fold increase in CAT activity. Expression of HSBP1 resulted in a 2.8 ± 0.5-fold increase in CAT activity (corresponding to an average fivefold reduction) (Fig. 7) . To assess whether the reduction in HSF1 transactivation was strictly due to overexpression of HSBP1, cells were cotransfected with HSBP1 mutants (16/19 and the tetra mutant) and the effects on HSF1 
HSBP1-a novel regulatory protein of HSF1
transactivation analyzed. Expression of the HSBP1 tetra mutant resulted in a 10.6 ± 0.8-fold increase in CAT activity, whereas the HSBP1 16/19 mutant resulted in a 6.9 ± 0.3-fold increase in CAT activity. Equivalent levels of wild-type and mutant HSBP1 were expressed in the transfected cells (data not shown). These results establish that both HSBP1 mutants, which we have shown previously to exhibit impaired interactions with the HSF1 hydrophobic repeats of HSF1, have diminished effects on the transactivation capability of HSF1. Thus, the transient overexpression of HSBP1 in mammalian cells has negative effects on the transcriptional activity of the endogenous HSF1.
Overexpression of CeHSB-1 in a tissue-specific manner blocks activation of the heat shock response
Taken together, our results suggest a role for HSBP1 as a negative regulator of the HSF-mediated heat shock transcriptional response. To determine if HSBP1 directly influences the heat shock response in vivo, we took advantage of the conserved nature of the heat shock response among eukaryotes and examined whether overexpression of the C. elegans homolog, CeHSB-1, encoded by the gene hsb-1, led to an inhibition of the heat shock response in the whole animal.
The initial objective was to ask whether overexpression of CeHSB-1 affected the activation of the stress response. The C. elegans heat shock response was monitored using the PC72 reporter strain, which contains integrated copies of a hsp16::lacZ reporter fusion (Stringham and Candido 1993) . The promoter region of the C. elegans hsp16 gene contains multiple arrays of heat shock elements that are essential for heat shock and chemical stress induction of hsp16 transcripts (Kay et al. 1986; Stringham and Candido 1994) . Incubation of the PC72 reporter animals for 1 hr at 33°C results in the expression of inducible ␤-galactosidase activity in intestinal, nerve ring, pharyngeal and body wall muscle cells, whereas no detectable staining is detected in animals maintained at normal growth temperature. Indicated in Figure 8 , A and B, is the expression of the lacZ reporter in the intestinal and the body wall muscle cells by the arrows. In the background of this reporter strain, CeHSB-1 was overexpressed in body wall muscle cells from a transgene carrying an unc-54 promoter::hsb-1 expression construct. When these transgenic animals were heat shocked, ␤-galactosidase activity was detected in pharyngeal, intestinal cells, and nerve ring cells whereas little or no activity was detected in body wall muscle cells (Fig. 8C,D) . These results provide biological evidence that CeHSBP-1 is a negative regulator of the heat shock response, consistent with the results obtained in cultured mammalian cells.
Altered levels of HSB1 influence the survival of C. elegans following exposure to chemical and thermal stress
The inducible expression of heat shock genes is essential for survival following exposure to extreme chemical and The unc-54::hsb-1 fusion was used to overexpress CeHSB-1 specifically in body wall muscle cells of the PC72 strain. These animals were also stained for ␤-galactosidase activity after heat shock. Intestinal cells are stained (arrow), but there is reduced staining of body wall muscle cells. thermal stress. To examine whether CeHSB-1 had such an effect on survival of the entire animal, we generated strains either overexpressing or lacking CeHSB-1. Animals that overexpress CeHSB-1 were generated by integrating extra copies of the hsb-1 gene into the genome. Animals lacking CeHSB-1 were produced by generating a strain containing a deletion of the hsb-1 gene. The deletion strain CH116 lacks hsb-1 coding and noncoding sequences as determined by nucleotide sequence analysis of the deletion junction (Fig. 9) . Deletion of CeHSB-1 in C. elegans does not appear to have deleterious effects on growth or fecundity of worms, thus demonstrating that hsb-1 is not an essential gene in C. elegans. On the other hand, worms that overexpress CeHSB-1 display a 15% reduction in fecundity as compared to wild-type worms (Table 1) .
If CeHSB-1 is a negative regulator of the stress response, then the overexpression of CeHSB-1 should result in reduced survival upon exposure to thermal and chemical stress. Wild-type, CH116 (⌬hsb-1), and CeHSB-1-overexpressing animals were exposed to thermal stress and the number of surviving progeny were determined (Table 1) . Survival after exposure to thermal stress reflects the ability of the progeny to withstand thermal stress and develop to adulthood. Heat treatment of L4 stage wild-type worms resulted in survival of 48% of progeny as compared to worms maintained under control conditions. By comparison, only 20%-27% of the progeny of CeHSB-1-overexpressing strains survived heat treatment. Much of the reduction in the number of progeny resulted from a large number of embryos that failed to hatch. The relatively large variation in the number of surviving progeny of the CH1417 strain upon thermal stress is partly attributable to the fact that some animals failed to have progeny. On the other hand, CH116 worms containing a deletion of hsb-1 gene displayed a level of survival following thermal stress similar if not slightly better than wild type.
The effects of chemical stress such as exposure to sodium arsenite or mercuric chloride, known to activate the stress response in C. elegans, were also examined (Stringham and Candido 1994) . Exposure of L2/L3 stage wild-type N2 animals to 200 µM sodium arsenite or 55 µM mercuric chloride for 24 hr resulted in 63%-64% survival rates, whereas CeHSB-1-overexpressing animals had reduced survival rates of 18%-50% and the hsb-1 deletion strain survived at a level similar to wild type ( Table 2 ). The results of overexpression of CeHSB-1 reveal that elevated levels of CeHSB-1 have deleterious effects on the ability of an organism to cope with thermal and chemical stress, whereas the loss of CeHSB-1 results in similar or slightly better survival rates than wild-type animals.
Discussion
HSBP1 was identified in a protein interaction screen to identify novel trans-regulatory proteins that bind to the hydrophobic heptad repeats of HSF1. One property of HSBP1 that suggests a role in regulating the activity of HSF1 is the interaction of HSBP1 with the HSF1 trimer and not with the monomeric non-DNA-binding form of HSF1 that exists both prior to heat shock and during attenuation of the heat shock response. The association of HSBP1 with HSF1 trimers and with Hsp70 is intriguing, as these events coincide with attenuation of the heat shock response and the conversion of the HSF1 trimer to monomer. Evidence that HSBP1 has a regulatory role in the heat shock response follows from the negative effects of HSBP1 on both HSF DNA-binding and transactivation activity in vitro, in transient transfection assays in mammalian cells, and on the heat shock response in C. elegans. In the context of whole animals, overexpression of CeHSB-1 reduces the ability of an organism to cope with thermal and chemical stress. Based on these observations, we propose that HSBP1 is a negative regulator of the heat shock response.
One of the key steps in the regulation of HSF1 activity is reversible oligomerization, which occurs via the hydrophobic heptad repeats. Though indirect, the phenotypes of single and multisite point mutations in the hydrophobic amino acids of HSF1 and HSBP1 in the yeast protein interaction assay are consistent with the sugges- The wild-type (N2), hsb-1 deletion (CH116) and CeHSB-1-overexpressing (CH1417 and CH1357) strains were treated at 33°C for 2 hr, and the number of viable progeny that hatched and developed to adulthood were counted. The mean number of progeny produced and the standard deviation are shown (n = 7). For each strain, the number of viable progeny produced after heat shock was compared to the same strain without heat shock and expressed as percent of control. Shown is a schematic representation of the hsb-1 locus with the CeHSB-1 coding sequences shown as a solid bar. The numbers represent nucleotide numbering from the sequence of the cosmid K08E7 (accession no. Z77666). The CH116 mutant strain contains a deletion of the entire coding sequences and some of the upstream sequences as indicated by the broken lines and the allele name. The PstI (P)-SalI (S) 2.3-kb fragment from cosmid K08E7 was used for establishing strains that overexpress CeHSB-1.
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tion that HSF1 and HSBP1 interact through their respective hydrophobic repeats. Recombinant HSBP1 is ∼60% ␣-helical based on circular dichroism spectrum analysis and corresponds to native homo-oligomers as determined by analytical centrifugation (C. Airey and S. Lin, pers. comm.). Additional studies will be necessary to establish the biochemical parameters for HSF1 interaction with HSBP1. Studies on the contribution of individual aliphatic residues toward the specificity of leucine zipper interactions in other proteins have failed to yield simple rules for predicting the formation of oligomers (Landschulz et al. 1988; Vinson et al. 1993; Harbury et al. 1994; Lumb and Kim 1995) . We can only speculate whether the interactions between HSBP1 and HSF1 occur via formation of higher-order oligomeric coiled-coil structures and if these interactions are causal in the transition of the HSF1 trimer to monomer.
The principal evidence for specificity of interaction between HSF1 and HSBP1 in vivo is based on the results of immunoprecipitation experiments at different points before, during, and after heat shock. Although we conclude that HSBP1 is associated only with HSF1 trimers, our results do not exclude the possibility that the monomer is also associated with HSBP1. For example, the ability of HSBP1 to be detected as a component of the control form of HSF1 could be obscured by its interactions with other proteins. Although we prefer the interpretation that HSBP1 has negative effects on the activation of HSF1 DNA-binding activity in reticulocyte lysates by destabilizing the trimer, HSBP1 could also interfere with conversion of the monomer to the trimer. The association of HSF1 with HSBP1 is coincident with the appearance of HSF1 trimers. Furthermore, comparison of the immunoprecipitation results from cells heat shocked at 42°C versus 43°C reveals that the association of HSBP1 alone is insufficient to cause dissociation of HSF1 trimers. During heat shock at 42°C, HSBP1 is transiently associated with HSF1, whereas at 43°C, HSBP1 interactions persist as attenuation of the heat shock response does not occur. It is intriguing to note that while HSBP1 associates with HSF1 at both heat shock temperatures, Hsp70 association with HSBP1 is only observed at 42°C, under conditions where attenuation of the heat shock response occurs. The lack of association of Hsp70 with HSBP1 at 43°C is probably explained by the absence of induced Hsp70. We suggest that the detection of HSBP1/ HSF1 complexes early during heat shock may reflect the equilibrium that exists between activation and attenuation of the heat shock transcriptional response.
There is increasing evidence from biochemical and genetic studies that heat shock proteins, in particular Hsp70, are involved in the regulation of HSF. Interaction of Hsp70 with HSF1 is detected during attenuation of the heat shock transcriptional response (Abravaya et al. 1992; Baler et al. 1992 ). Overexpression of Hsp70 by stable transfection of the Hsp70 gene in rat and human cells results in a more rapid attenuation of the heat shock transcriptional response and involves direct interaction between Hsp70 and HSF1 (Mosser et al. 1993; Rabindran et al. 1994; Shi et al. 1998 ). Furthermore, Drosophila SL2 cells expressing higher levels of heat shock proteins also exhibit an accelerated attenuation of HSF ).
These biochemical observations are supported by genetic studies, for example, an extragenic suppressor of a poor growth phenotype at 37°C of a yeast HSP70 mutant was a mutant allele of HSF with decreased DNA-binding activity (Halladay and Craig 1995) . These observations are consistent with our finding that HSBP1 interacts with Hsp70 and the suggestion that this event may be involved in the dissociation of HSF1 trimers to the latent monomer state during the attenuation process. Support for a similar function for Hsp70 (DnaK) is its role in the disruption of the multiprotein complex at the origin of DNA replication and in the conversion of inert RepA dimers to the monomer state that binds to the P1 origin of replication (Georgopoulos et al. 1990; Wickner et al. 1991) .
The phenotypes that result from increased or decreased levels of CeHSB-1 in C. elegans offer intriguing hints into the complexity of the heat shock response. Although on one hand, CeHSB-1 clearly functions as a negative regulator of the heat shock transcriptional response and prevents the activation of a heat shock promoter-lacZ construct, at the level of the entire animal, overexpression of CeHSB-1 only reduces survival following exposure to extreme stress. In part, this is explained by the constitutive expression of heat shock proteins and the presence of other stress-inducible responses. Thus, whereas CeHSB-1 may have a dominant role in the regulation of HSF activity and the heat shock transcriptional response, at the level of the organism, other redundant mechanisms ensure survival. A more thorough analysis will be necessary to establish the phenotypes of CeHSB-1 deletion under normal and stress conditions.
Although it is generally considered that the heat shock response is universal, there are an increasing number of observations that the heat shock transcriptional response is dampened in certain neuronal cells and during aging (Pardue et al. 1992; Heydari et al. 1993 ). The in- The wild-type (N2), hsb-1 deletion (CH116), and CeHSB-1, overexpressing (CH1417, CH1357, and CH1418) animals were exposed to 200 µM sodium arsenite or 55 µM mercuric chloride for 24 hr, and the number of surviving animals was counted. The results of a typical experiment are shown (n = 30-40 animals).
The experiment was performed four times, and in all cases the CeHSB-1-overexpressing strains showed reduced survival as compared to wild type.
ability of aged human cells cultured in vitro, or aged rodents, to mount a robust heat shock response correlates with a reduction in activation of HSF1 DNA-binding activity, yet the levels of HSF1 protein are not reduced (Choi et al. 1990; Fawcett et al. 1994) . It has been suggested that the aging-dependent reduction of HSF1 trimerization could be due to other trans-regulatory proteins that interfere with the formation of the stable trimers. Proteins such as HSBP1 may have a role in the suppression of the activation of the stress response during the aging process.
Materials and methods
Two-hybrid system screen
The yeast two-hybrid system plasmids and strains were the gift of R. Brent, and the protocol for the screen was adapted from Gyuris et al. (1993) . LexA fusion with the hydrophobic repeats of mHSF1, LexA-HSF1-HR-A/B, was made using PCR primers to create EcoRI and SalI sites at amino acids 124 and 227 of mHSF1, respectively, and inserting the PCR product into pEG202. LexA fusions with mutations in HR-A/B were made in a similar manner. Mutations in mHSF1 and HSBP1 were made by overlapping PCR or as described previously (Deng and Nickoloff 1992) . LexA fusion with trimerization domains of mHSF2 contained the amino acids 107-213 of mHSF2. The LexA fusion plasmids were transformed into EGY48 using lithium acetate (Schiestl and Gietz 1989) . DNA-binding abilities of the various LexA fusions were monitored in a repression assay using reporter plasmid JK101 (Brent and Ptashne 1984) . A cDNA library was made using poly(A) + RNA from MDCK cells, and the cDNA products were inserted into pJG4-5 using standard procedures. The cDNA library was transformed into EGY48 with pEG202 HSF1HR-A/B and pSH18-34 lacZ-reporter plasmid, and ∼3 million transformants were pooled and frozen. Twenty million galactose colony-forming units were plated on leucine-deficient plates, and 326 colonies were obtained of which 63 displayed galactose-dependent blue color on medium containing X-gal. The plasmids containing the cDNA inserts were rescued into KC8, and sequence analysis of the cDNA inserts of the candidate clones revealed that 23 of 63 positive clones were HSBP1.
DNA manipulations and in vitro translation assay
The EcoRI-XhoI fragment containing the HSBP1 cDNA from pJG4-5 was cloned into the EcoRI-SalI sites of pGEX-5X-1 (Pharmacia) and the EcoRI-XhoI sites of pcDNA3 (Invitrogen). The HSBP1 cDNA fragment was blunt ended using Klenow enzyme and inserted into pUHD 15-1 (Gossen and Bujard 1992) , cut with EcoRI, and blunt ended. The amino-terminal HAtagged HSBP1 construct was made using a PCR primer that contained the sequences for the HA epitope tag and the PCR product was inserted into pcDNA3. Using standard protocols, a human placental cDNA library was screened for the human homolog of HSBP1 and four clones were isolated and sequenced. Homolog search of DNA and protein sequence databases was performed with the BLAST programs (Altschul et al. 1990 ). Potential hydrophobic repeats in HSBP1 were identified using an analysis described by Cohen and Parry (1994) . In vitro transcription and translation reactions were performed using rabbit reticulocyte lysate (Promega), as described previously (Sarge et al. 1991) , with the following modifications: pcDNA3-HSBP1 DNA linearized by digestion with XbaI was used as a template for in vitro transcription reactions. The in vitro-transcribed RNAs were resuspended in 20 µl of water and typically 0.5 µl of HSF1 RNA, and 0.5-1.5 µl of HSBP1 RNA was used for the in vitro translation reactions. Five microliters of the translations were used for gel mobility assays following treatment at 37°C or 43°C for 1 hr. Translation efficiencies were assessed by the addition of 10 µCi of [ 35 S]methionine to a 5-µl aliquot of the translation reaction without methionine.
Immunoprecipitation analysis
The glutathione S-transferase (GST)-HSBP1 fusion protein was expressed and purified using glutathione-Sepharose beads (Pharmacia). Polyclonal rabbit antiserum was prepared against the GST-HSBP1 protein by injection of a water-in-oil emulsion using Titermax (Vaxcel). 3T3 cells grown to approximately 80% confluency in 10-cm dishes were harvested after the relevant treatments and lysed in 500 µl of immunoprecipitation (IP) buffer ( 50 mM Tris at pH 7.4, 250 mM NaCl, 5 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, 1 µg/ml leupeptin, 1 µg/ml pepstatin A, 0.1% NP-40) by three freeze-thaw cycles. The extracts were spun for 10 min at 10,000g and the supernatants were used for immunoprecipitations, gel mobility shift assays (performed as described in Sarge et al. 1993) , and immunoblotting analysis. For immunoprecipitations, 1 µl of the anti-HSF1, anti-HSBP1 antisera, or anti-HA ascites fluid was added to the extracts and incubated overnight at 4°C followed by addition of 25 µl of a 1:1 slurry of protein A-Sepharose CL-4B (Pharmacia) beads in IP buffer. After 1 hr of mixing, the immunoprecipitates (antigenantibody complexes) were collected by a brief spin, washed three times in IP buffer, and transferred to fresh tubes. The immunoprecipitates were resuspended in SDS sample buffer, boiled, and subjected to 8% and 15% SDS-PAGE and immunoblotting analysis performed using chemiluminesence (ECLAmersham) as described previously (Sarge et al. 1993) . Monoclonal antibody 2A4, which recognizes the cytosolic Hsp70 family members, was used for detection of Hsp70 (S.P. Murphy, S.G. Fox, and R.I. Morimoto, unpubl.) .
Cell culture
HeLa, MDCK, and 3T3 cells were grown in Dulbecco's modified Eagle medium (DMEM) with 5% calf serum (GIBCO-BRL), whereas COS7 cells were grown in DMEM supplemented with 10% fetal bovine serum at 37°C. The cells were heat shocked at the indicated temperatures and, where indicated, allowed to recover at 37°C.
Transfections
COS7 cells were transfected using liposomes (Campbell 1995) . Five micrograms of pHBCAT (Wu et al. 1986 ), 3 µg of pUHD 15-1, 5 µg of pUHD 10-3 containing HSBP1, and 2 µg of pRSVluciferase or pCH110 (Pharmacia) were used for each transfection. For transfections involving the reporter alone, 8 µg of pGEM1 was used to ensure equal amounts of DNA in each transfection. Fifteen micrograms of DNA was incubated with the liposomes and added to cells with 4 ml of serum free OPTI-MEM (GIBCO-BRL) medium. Twelve hours following addition of DNA, the medium was replaced with DMEM medium containing serum and 48 hr after addition of DNA, the cells were treated at 42°C for 2 hr and allowed to recover at 37°C for 4 hr. The cells were harvested, cell extracts were prepared; CAT, ␤-galactosidase, and luciferase assays were performed as described (Gorman et al. 1982; DeWet et al. 1987) ; and the transfection efficiencies were normalized to equivalent luciferase or HSBP1-a novel regulatory protein of HSF1 ␤-galactosidase activities. For immunoflouresence analysis, HeLa cells were transfected with HA-tagged HSBP1, and 24 hr post-transfection the cells were fixed and stained as described in Sarge et al. (1993) . A 1 µg/ml solution of the anti-HA ascites fluid in PBS with 1% BSA was used as the primary antibody, 2 µg/ml FITC-conjugated anti-mouse antibody (Jackson Labs.) was used as the secondary antibody, and the immunofluoresence was observed and photographed using a 63× oil immersion lens.
C. elegans protocols C. elegans variety Bristol, strain N2, and derived strains were grown as described in Brenner (1974) . The PstI-SalI fragment containing 2.3 kb of the promoter region and the hsb-1 gene from cosmid K08E7 was cloned into pGEM3Zf(+) and the DNA was coinjected with the rol-6(su1006) dominant marker plasmid pRF4 to generate transgenic strains that overexpress CeHSB-1 from extrachromosomal arrays (Mello et al. 1991) . One of these transgenic strains, CH1367 cgEx159, was ␥-irradiated to obtain strain CH1417 cgIs16, in which part of the array is integrated into the genome. (Mello and Fire 1995) . CH1417 was outcrossed three times before being analyzed.
PCR primers were used to create an EcoRI site preceding the ATG initiation codon of hsb-1 and an XhoI site following the termination codon. The PCR product was digested with EcoRI and XhoI, ends filled with Klenow enzyme, and ligated to EcoRV-cut pPD30.38 that contains the unc-54 promoter (Fire et al. 1990 ). The unc-54::hsb-1 construct was coinjected with a plasmid containing sqt-1(sc13) into PC72 ubIn5 animals that contain an integrated copy of hsp16::lacZ reporter. The sqt-1(sc13) mutation causes a left Roller phenotype that can suppress the rol-6(su1006) right Roller phenotype of PC72 (Kramer and Johnson 1993) . Two transgenic strains that carried the injected DNA, as indicated by their non-Roller phenotype, were characterized. Non-Roller animals were picked into 250 µl of PBS and treated at 33°C for 1 hr. ␤-Galactosidase staining was performed as described and the animals mounted in 70% glycerol in PBS (Fire 1992) . The animals were photographed using a Nikon Optiphot microscope at 10× and 40× magnification using a MTI 3CCD camera and IP Lab Spectrum software.
For exposure to thermal stress, L4 stage animals were treated at 33°C for 2 hr. Animals were then individually transferred to plates and the number of progeny produced were counted. Animals were also subjected to chemical stress by treatment with sodium arsenite or mercuric chloride at the indicated concentrations for 24 hr, and the number of surviving animals was determined.
A deletion of the hsb-1 gene was generated using a protocol described by Gary Moulder and Robert Barstead (pers. comm.; http://snmc01.omrf.uokhsc.edu/revgen/RevGen.html). L4 stage animals were treated with 4,5,8-trimethylpsoralen in the dark followed by 366 nm UV treatment for 2 min. The animals were harvested 24 hr later, treated with basic hypochlorite, and the eggs released. The eggs were allowed to hatch, and 500 L1 stage worms were placed on 10-cm NGM agarose plates and allowed to grow for 4-5 days. One-fourth of the worms were pelleted and digested in PCR buffer (10 mM Tris-HCl at pH 8.3, 50 mM KCl, 2.5 mM MgCl 2 , 0.45% Tween 20, 0.45% NP-40, 0.01% gelatin) containing 200 µg/ml proteinase K and incubated at 65°C overnight. Two microliters of the lysate was used for nested PCR using primers that flank the hsb-1 gene. Plates (488), representing 5 × 10 5 mutagenized genomes, were screened. The PCR products were analyzed by agarose gel electrophoresis, and the presence of smaller than wild-type sized PCR products were assessed. One positive plate was identified. A sib selection protocol was used to isolate a single worm homozygous for the deletion and designated CH116 hsb-1(cg116). The deletion strain was backcrossed twice to N2. The deletion junction was determined by cloning of the PstI-SalI PCR-generated genomic fragment into pGEM3Zf(+), and upon sequencing, the deletion junction, a deletion of 664 bases, was identified.
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Note added in proof
The GenBank accession number for the human HSBP1 cDNA sequence described in this paper is AF068754.
